The appropriate double silent substitution stimuli that isolated either rod, M-or human L-cone 154 responses (hereafter denoted as L*) were created to be used during in vivo recordings of 155 retinal function with the ERG. These were sinusoidal stimuli using the red, green and blue 156 light emitting diode (LED) arrays of a Roland Consult Q450SC Ganzfeld stimulator (Roland 157 Consult, Brandenburg, Germany). The red, green and blue LEDs had peak wavelengths of 158 625 nm, 525 nm and 470 nm, respectively. The spectral outputs of the LEDs were measured 159 using a CAS 140 (Instrument Systems; Munich, Germany) spectroradiometer. Overall output 160 of the LEDs was checked using a Minolta LS-110 photometer. To calculate the absorption 161 spectra, we used the nomograms of Lamb (1995) . The nomograms need λ max of the 162 photoreceptor types as input. We used the following λ max : S-cones: 355 nm (Lyubarsky et al. 163 1999); rods: 498 nm; native M-cones: 506 nm; human L-cones: 565 nm. We did not apply a 164 correction for lens absorption for the human L-cones because we expected no influence at 165 large wavelengths (Douglas and Jeffery 2014). For the other photoreceptor classes we used 166 the correction for preretinal absorption given by Lyubarski et al. (1999) . The excitation of 167 each photoreceptor type by each of the LEDs was calculated by the integral of the 168 multiplication of the photoreceptor absorption spectra and the emission spectra of the LEDs 169 (Kremers et al. 1999 ). The correction for preretinal absorption is only valid down to 410 nm. 170
However, none of the LEDs emitted light at wavelengths below 425 nm. Therefore, a 171 correction at wavelengths below 410 nm did not have any influence on the resulting 172 photoreceptor sensitivities. The total photoreceptor excitation equalled the sum of the 173 photoreceptor excitations to each of the LEDs. Rod and cone contrasts (C) were calculated as 174
Michelson contrast using the maximal and minimal excitations (E max and E min respectively) 175 during stimulation (Kremers et al. 1999) : 176 = − + Table 1 summarizes the LED contrasts and the corresponding photoreceptor contrasts of the 177 rod-, M-cone and L*-cone-isolating stimuli for wild-type (WT), LIAIS and heterozygous 178 (LIAIS +/-) mice. Please observe that the calculations of the silent substitution paradigm are 179 actually on the level of the photopigments. Therefore, cones that double express S-and the M-180 /L*-opsins are treated as cones that express exclusively M-/L*-opsins. Stimulation of the S-181 cone pigment was silenced. However, as the emission spectra of the LEDs and the absorption 182 spectra of the S-opsin hardly overlapped, a stimulation of the S-opsin would be very small 183 anyway. Negative LED or photoreceptor contrasts indicate counter phase modulation relative 184 to those having positive contrasts. As a result, rods and cones in the two stimulus conditions 185 were modulated in counter phase (Table 1: rod contrasts were negative, whereas cone 186 contrasts were positive). In the ERG phase plots, a correction was applied by shifting the 187 phases of the rod-driven responses by 180°. The ERG measurements were performed at three 188 different mean luminance levels (13, 39 and 130 cd/m 2 ; see also Table 2 ) and at different 189 frequencies (3, 4, 6, 8, 12, 14, 18, 22, 26 and 30 Hz). S-cones were not stimulated in any of 190 the stimulus conditions. Hence, data labelled as 'cones' for simplicity, represent those from 191 either M-or L-types, unless specified. 192
193
In LIAIS and heterozygous mice, the rod measurements were performed using three LED 194 contrasts, resulting in 75%, 50% and 25% rod contrast. The contrasts in the two cone types 195 were 0% (double silent substitution). In wild-type mice, only a rod contrast of 5% could be 196 reached because of the abovementioned similarity between the native mouse rod and M-cone 197 opsin absorption spectra. In the heterozygous animals, we used stimulus conditions that were 198 identical to that for the LIAIS mice. As a result, any native M-cone pigments would also be 199 stimulated with the rod-isolating stimulus (see † values for M-cones in Observe that the stimuli resulting in 55% cone contrast in the LIAIS mice and those resulting 209 in 5% cone contrast in the WT mice were physically nearly identical despite a factor of 11 210 difference in cone contrast. As in the 'rod-isolating' conditions, the LIAIS +/-mice were 211 measured with the same stimulus settings used for LIAIS mice. Therefore, the cone contrast is 212
given for both the L*-cone and endogenous M-cones. 213
214
Rod and cone responses were measured at three different total mean luminance levels as 215 shown in Table 2 . Each LED set was modulated around a specific mean luminance with a 216 ratio of 6:6:1 for red:green:blue. The luminances are given in photometric units and are thus 217 weighted by the human V λ . This is not appropriate for mice unless the luminances are used in 218 relative terms. However, the photopic spectral sensitivities are probably different for wild-219 type, LIAIS and heterozygous mice. Therefore, mean luminances are expressed in units 220 relevant for mouse photopic vision, and thus the state of retinal adaptation is probably 221 different for the three genotypes. Still, the main goal of the measurements was to study the 222 effect of a luminance change and not of luminance per se. shown. However, responses to 3 Hz stimuli were often disturbed by low-frequency noise 291 caused by respiration movements, and will not be further analysed. Note that the stimuli in the 292 cone isolating stimuli were physically identical for LIAIS and LIAIS +/-animals, and very 293 similar (with identical LED contrast ratios) for the wild-type mice (see Table 1 ). 294
295
In agreement with the expectation that the maximal cone and rod contrasts were larger in the 296 LIAIS mice than in the wild-type mouse, separate cone-( where a maximal amplitude was found at about 10 Hz above which the amplitudes decreased. 326
In general, the largest cone and rod driven amplitudes could be evoked in LIAIS mice (Fig. 327 2A and B; black squares), followed by LIAIS +/-mice producing approximately 50% smaller 328 responses ( Fig. 2A and B ; grey diamonds), and lastly, WT mice ( Fig. 2A and B ; open circles) 329 whose responses were about a factor of 10 smaller. Due to small cone-and rod-driven ERG-330 amplitudes of WT mice, not all values surpassed the noise discrimination criterion, whichexplains the fewer data points for this group. Lastly, rod-driven responses were smaller than 332 those mediated by cones in all three groups (Fig. 2B vs. 2A) , even though the contrast was 333 larger for the mutant animals. Nevertheless, the dependency on temporal frequency is very 334 similar for the different animal groups. 335 336 Consistent with the trend seen in flicker amplitudes above, grouped phases show similar 337 frequency dependency for the different photoreceptors and animal groups ( Fig. 2C and D) . It 338 should be noted that a 180° phase shift was applied to the cone dataset at each temporal 339 frequency to take into account that it was modulated in counter phase to rod stimuli (see 340
Methods; Table 1 ). The data indicate that rod-and cone-driven responses are phase shifted by 341 about 180°. The response phases of the heterozygous animals to 'rod-isolating' stimuli are in 342 agreement with this idea. As mentioned in the methods, these are not truly rod-driven 343 responses because stimulus conditions for the LIAIS mice were used, which inadvertently 344 stimulated cones with native pigment that are also present in the heterozygotes. In addition to 345 the frequency-doubled responses found in LIAIS +/-mice ( Fig. 1 ), it appears that the cone-346 driven responses overruled the rod-driven ones, resulting in phases (dark grey, long-dashed 347 lines) that were advanced relative to the rod-driven responses of LIAIS (up to 166° 348 difference) and WT mice (up 201° difference). For the few temporal frequencies at which we could record substantial cone-driven and rod-374 driven responses in WT mice, they displayed phases like those of the LIAIS mice. This 375
indicates that the replacement of cone pigment in the LIAIS mice did not lead to a 376 physiologically relevant retinal change, in agreement with previous data (Greenwald et al. 377 2014). We therefore can use the recordings in the LIAIS mice to study how rod-and cone-378 driven responses depend on contrast and luminance. Therefore, further frequency-response 379 functions were obtained with lower stimulus contrasts (40% and 20% cone contrasts, 50% and 380 25% rod contrasts; see Fig. 4A and B) at 39 cd/m 2 , and also at 130 and 13 cd/m². 381 382 Cone- (Fig. 4A ) and rod-driven responses (Fig. 4B) generally displayed low-pass 383 characteristics, possibly with a dip between 6 and 10 Hz. The signal-to-noise ratio was small 384 at 13 cd/m². Therefore, only the responses to the highest contrasts are shown (Fig. 4 and 6 increasing photoreceptor contrast than rod-driven ones ( Fig. 4C; top vs. bottom panels) . 414
415
Neither mean luminance nor contrast had much influence on phase characteristics (Fig. 5, p >  416 0.01 for all slope comparisons). The slope of cone-driven phases ranged from 13° to 15°/Hz, 417 suggesting a delay of approximately 36 to 42 ms (Fig. 5A) , while rod-driven responses had 418 phase slopes of 12° to 17°/Hz, corresponding to 33 to 47 ms delay (Fig. 5B) . These 419 differences in phase between the two photoreceptor types were not significant (p > 0.01). 420
What was significant, was that their y-intercepts were approximately 180° apart ( Fig. 5; inset) . 421
This was also the case in WT animals (e.g. at top contrasts for 39 cd/m 2 in Fig. 2C WT and LIAIS mice (Table 1 ). Despite differences in response magnitude due to differences 454 in their achievable stimulus contrasts (Fig. 4A, B and D) , response phase profiles measured in 455 LIAIS mice closely matched those measured in WT mice (Fig. 5) . In all groups, contrast 456 settings did not influence response phase. These data strongly suggest that the post-receptoral 457 signal processing leading to an ERG response is very similar in LIAIS and WT mice. It 458 therefore can be concluded that the LIAIS mouse is a good model to study the normal 459 physiology of photoreceptor driven signals in the retina. further characterization of their response properties at more contrasts and luminance levels 505 were performed. We found amplitude and phase behaviours of both photoreceptor types to be 506 quite alike (except for the consistent 180° phase shift between rod and cone mediated 507 responses). Generally, similar amplitude and phase profiles were more conserved at the higher 508 mean luminance (130 cd/m 2 ), even with lower photoreceptor contrasts (Figs. 3, 4A and B) . At 509 the lower luminance (13 cd/m 2 ), rod-driven phases were also similar, but the transition of 510 their fundamental amplitudes with temporal frequency was not as smooth. We found that rod 511 driven responses could be found at relatively high luminances. In previous studies, it was 512 assumed that rod contribution may not influence ERG data at high luminances (Allen et al.
2014). Our data indicate that this assumption may not always hold. On the other hand, we 514
assumed that melanopsin-driven responses have negligible effects on the ERGs at the 515 measured temporal frequencies. A better separation of rod and melanopsin driven responses 516 will be needed to completely control the output of all photopigments. The overlapping 517 absorption spectra of the rods and the melanopsin containing retinal ganglion cells make the 518 use of the silent substitution method difficult to achieve such a separation. 519 520 Photoreceptor contrast and response amplitudes for both rods and cones were positively 521 correlated. A noteworthy feature in this case is that cone-driven response amplitudes changed 522 by a greater extent with incremental contrast than did rod-driven responses (cf. Fig 4C; contrast-response relationship) can be directly compared (Fig. 6) . We assume that resulting 582 retinal illuminances are also similar, as the used intensities are in a similar range (the effects 583 of the smaller mouse eye will be counteracted by the smaller pupil size) and that differences 584 in mean chromaticities in the mouse spectral luminosity function compared to the human V λ 585 are negligible. 586
587
There are appreciable differences between photoreceptor-specific human and mouse flicker 588
ERGs, in agreement with previous data obtained with white light (Krishna et al. 2002) , 589 despite the mouse expressing human L*-opsin. Species differences in the retinal circuitry may 590 be the cause, which although may not be surprising, should nonetheless be explicitlymentioned, since the mouse is still the mainstay model for studying retinal physiology and its 592 disease-related changes. These may need to be considered when extrapolating LIAIS mouse 593 ERG data to the human situation. 594
595
The human data indicate that two response mechanisms can be discerned in the ERGs. One is 596 active at frequencies up to about 15 Hz where L-and M-cone responsivities are similar (i.e. a 597 putatively cone opponent mechanism that may reflect parvocellular activity), while the other 598 is active at higher temporal frequencies, measurable up to at least 40 Hz (i.e. reflects 599 magnocellularly-based luminance activity). This change in mechanism is also reflected in the 600 human response phases (Kommanapalli et al. 2014 
